Abstract Due to their superior water-repelling effects, superhydrophobic surfaces have received increasing attention as a promising solution to corrosion of metallic materials. The present article introduces the fundamental theories behind superhydrophobicity followed by a comprehensive review of the recent progresses of this rapidly growing field over the past 5 years. A critical discussion over anticorrosion mechanisms of superhydrophobic surfaces is also provided. For many realistic applications, future efforts are pressingly demanded to prolong the corrosion resistance of these superhydrophobic surfaces. To this end, several important strategies and examples in designing stable, selfhealable, or inhibitor-loaded superhydrophobic surfaces are discussed.
Introduction
Inspired by nature (e.g., lotus leaves, 1 cicada's wing, 2 mosquito compound eyes 3 and rose petals 4 ), superhydrophobic surfaces are generally defined as surfaces which have water contact angles (h) higher than 150°. Depending on the contact angle hysteresis (CAH) values, superhydrophobicity can be further categorized into different states. 5 While some superhydrophobic surfaces might exhibit high CAH and strong adhesion to water (also known as adhesive superhydrophobicity), 4, 6, 7 the surfaces of interest in this paper refer to those having very low CAHs and thus high water repellency.
These surfaces have received continued attention for their broad applications, such as self-cleaning, antifogging and frosting, and drag reduction. With the unique water-repelling feature of these surfaces, they are also capable of reducing deterioration of metal surfaces caused by corrosion in aqueous media. In recent years, improving the corrosion resistance of metallic materials by surface superhydrophobization has become one of the hottest research areas in corrosion and protection. Compared to existing literature which has frequently reviewed the theories, preparation, and applications of superhydrophobic surfaces, [8] [9] [10] [11] [12] [13] [14] [15] this review mainly focuses on the most recent developments of superhydrophobic surfaces for anticorrosion purposes. The authors review the typical preparation techniques of superhydrophobic anticorrosive surfaces and their anticorrosive performance, and provide a critical discussion of some mechanistic aspects of corrosion protection based on superhydrophobicity. Finally, some important future perspectives are also highlighted to provide references for developing superhydrophobic surface with long-lasting corrosion resistance.
The theory of superhydrophobic surfaces

Wettability of a smooth surface
Wettability is the spreadability of water on a solid surface. On a flat surface (Fig. 1a) , the contact angle is fixed and determined by surface free energy, according to Young's equation 16 cosh 0 ¼ c SG À c SL c
LG where h 0 is the contact angle of smooth surface, and c SG , c SL , and c LG are solid-gas, solid-liquid, and liquidgas interfacial tension, respectively.
Wettability of a rough surface
To quantitatively characterize the wettability of a rough surface, Wenzel 17 and Cassie 18 modified Young's equation in the 1940s. Wenzel introduced the concept of surface roughness to the wettability theory and established the Wenzel model, which can quantitatively calculate the contact angle of a droplet on a homogeneous rough surface. In Wenzel mode, the droplet completely fills the microscopic grooves of the rough surface, which increases the actual contact area between water and surface (Fig. 1b) . Thus, the hydrophobic effect is geometrically amplified, further increasing the contact angle. The Wenzel equation may be expressed as cosh W ¼ rcosh 0 where h 0 is the intrinsic contact angle (Young's contact angle), h W is the apparent contact angle (Wenzel's contact angle), and r is roughness factor, which is defined as the ratio of the actual surface area to the projected area.
Cassie and Baxter have modified the theory of wetting by introducing the concept of area fraction (f), which refers to the proportion of the contact area of each phase (component) in the general contact area. If a composite surface consists of two different components, the intrinsic contact angles of two components are h 1 and h 2 , respectively, and the fraction of each component in the general area is f 1 , f 2 , and f 1 + f 2 = 1. The apparent contact angle may be calculated by Cassie-Baxter equation
When there is air remaining in the grooves of a rough surface, a droplet cannot fill the grooves, and the material surface consists of two phases: solid and air (Fig. 1c) . Now, the actual contact area of droplet includes the contact area between droplet and air and the contact area between droplet and solid part. Given the fact that the intrinsic contact angle between droplet and air is 180°, the apparent contact angle can be determined using the following simplified equation:
With increasing roughness factor or surface hydrophobicity, the droplet becomes more favorable of resting on the rough surface in Cassie mode. In this case, by adjusting the microscopic morphology of material surface or reducing the proportion of solid-liquid contact interface, the superhydrophobic state of h > 150°may be realized. 8 Furthermore, CAH and roll-off angle become smaller, and the self-cleaning capacity of the surface is enhanced.
Application of superhydrophobic surfaces for corrosion protection
Increasing surface hydrophobicity often results in decreased corrosion rate of metals by limiting their interactions with corrosive species, such as water and ions. For organic anticorrosive coatings, this would retard the diffusion process of water molecules and prolong the coating's protectiveness against corrosion of underlying metal substrates. 19 As previously explained, the hydrophobicity of a material surface mainly depends on its intrinsic chemical properties and surface microstructures. To improve surface hydrophobicity, incorporation with low surface energy materials is often first considered. [20] [21] [22] [23] [24] For example, the surface energy of silicone resin may be as low as 22 mN/m. 25 Fluorine-containing resin is of even lower surface energy ($10 mN/m 26 ). However, water contact angle of smooth hydrophobic surface can hardly exceed 120°. By introducing surface roughness, the hydrophobicity of a surface can be further increased, with contact angle even higher than 150°, achieving the superhydrophobic state. To enhance the corrosion resistance of metallic materials, different methods have been used to create rough microstructures on their surfaces to endow superhydrophobicity. Among these methods, the most common ones include wet chemical reaction, etching, hydrothermal method, anodization, electrodeposition, sol-gel method, nanocomposite coating, and templating. 
Wet chemical reaction
This method covers a broad range of different chemical reactions by which the microstructures required for superhydrophobic surfaces are directly synthesized. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] The hydrophobic components can be introduced during the synthesis or as post-treatments. Yin et al. treated copper surface with a tetradecanoic acid solution to produce flower-like microstructures. 27 By increasing the solution concentration, the surface was changed from hydrophilic to hydrophobic and eventually to superhydrophobic, and its anticorrosive capacity against seawater accordingly increased. By immersing in cerium nitrate hexahydrate solution, Ishizaki generated nanostructured cerium oxide films on the surface of magnesium alloy. 29 After fluoroalkyl silane (FAS) modification, a superhydrophobic surface was created with water contact angle reaching 153.4°. After 24 h of immersion in 5 wt% NaCl solution, EIS measurements showed that the low-frequency impedance modulus of the superhydrophobic surface was five orders of magnitude higher than the untreated surface. From the polarization curves, the corrosion current density of superhydrophobic magnesium alloy surface was much smaller than that of untreated surface. These results suggest that after superhydrophobization, the anticorrosive performance of magnesium alloy was greatly improved. In a recent study, superhydrophobic films were also built up on the surface of magnesium alloy by a simple immersion process in a solution containing ferric chloride, deionized water, tetradecanoic acid, and ethanol (Fig. 2) . 35 Electrochemical tests showed that after 24 h of immersion in 3.5% NaCl solution, the superhydrophobic magnesium alloy surface had a far lower corrosion current density than that of bare substrate, exhibiting good anticorrosive capacity. The main advantage of wet chemical reactions is that the fabrication of superhydrophobic surfaces requires only simple solution immersion. This also permits a certain level of flexibility since the method can be applied to substrates of different shapes and sizes. 39, 40 The most notable limitation associated with wet chemical reactions (as well as many other fabrication methods for superhydrophobic surfaces) is the use of expensive low surface energy materials.
41,42
Etching
The microstructures can be also obtained by selectively chemical etching of dislocations or impurities on metal surfaces. [43] [44] [45] [46] [47] [48] [49] [50] [51] This is often followed by grafting low surface energy materials to achieve superhydrophobicity. Liu et al. etched Mg-Li alloy using 0.1 mol/L hydrochloric acid. After immersing in ethanol solution containing 1 wt% FAS for 12 h and then a heat treatment at 100°C, the obtained surface exhibited a long-lasting superhydrophobicity which was maintained even after 180 days in an atmospheric corrosion environment. 43 By chemical etching in sodium hypochlorite and a following hydrophobization with hexadecyltrimethoxysilane, superhydrophobic aluminum surface was also fabricated to show enhanced corrosion resistance as confirmed by the polarization curves and long-term immersion in 3.5 wt% NaCl solution (Fig. 3) . 50 52 However, the etching processes are carried out in harsh conditions, such as strong acids, which are hazardous to the environment and the health of the operators. 53, 54 Hydrothermal method Similar to the two methods above, the hydrothermal method is another important top-down approach for fabrication of superhydrophobic anticorrosive surfaces. [55] [56] [57] [58] [59] [60] [61] Here, the surface microstructures are synthesized from an aqueous environment under elevated heat and/or pressure. Hydrothermal methods are considered more environmentally friendly since the chemical used to create surface microstructures is only H 2 O or dilute H 2 O 2 . 58 Li et al., reported a hydrothermal method to produce superhydrophobic zinc surface using a two-step approach: (1) autoclaving zinc in pure water at 120°C for surface roughening; (2) immersing in ethanol solution containing 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) for surface hydrophobization. 57 From the viewpoint of corrosion protection, hydrothermal methods are also more favored than chemical etching because of the formation of oxide or hydroxide protective layers. For example, Ou et al. used hydrothermal methods to prepare oxide or hydroxide layers on the surface of light alloys, such as magnesium, aluminum, and titanium alloys and grafted with PFOTES to endow superhydrophobicity. 58 Separately, they applied the acid etching method to produce roughness on the surface of these alloys. After treatment with perfluorooctyl trichlorosilane (PFOTS), superhydrophobic surfaces were also obtained. As shown in Fig. 4 , polarization measurements revealed that corrosion current density can be drastically decreased after superhydrophobization. Compared with etching method, the superhydrophobic structure prepared through hydrothermal method exhibited even better corrosion resistance (higher corrosion potential and lower corrosion current density), which was co-contributed by the air cushion as resulted from the surface hydrophobicity and the barrier effect from the hydroxide layer grown on the metal substrates.
Anodization
By means of anodization, micro or nanoscaled surface roughness can also be effectively generated to prepare superhydrophobic anticorrosive surfaces. [62] [63] [64] [65] [66] [67] [68] [69] Stable superhydrophobic films were prepared by anodization of titanium and subsequent immersion in a methanol solution of hydrolyzed PFOTES (Fig. 5) . 63 The water contact angle on the obtained surface has reached 160°. Electrochemical impedance spectroscopy (EIS) results showed that a high corrosion resistance can be retained after immersion in 3.5 wt% NaCl solution for 90 days. Xiao et al. anodized copper surface in KOH solution to generate Cu(OH) 2 nanoneedle arrays. 69 After dehydration, CuO nanoneedle arrays were formed and were grafted with FAS to achieve superhydrophobicity. The superhydrophobicity was found stable at pH 1-13. It was largely maintained in pure water and 1.5 wt% NaCl solution for at least 7 days but substantially decreased in 3.5 wt% NaCl solution due to the loss of the hierarchical microstructures in nanoneedle arrays. One of the major advantages of anodization techniques is its high efficiency in producing surface microstructures. For instance, the microstructures needed for superhydrophobic aluminum surfaces were obtained by an anodization for only 40 s in 0.3 mol/L oxalic acid at 1°C and 130 V. , and etched aluminum after hydrophobic treatment (right) before and after corrosion in 3.5 wt% NaCl solution for 7 days. 50 Scale bar is 10 lm
Electrodeposition
In electrochemical deposition, a thin coating is deposited onto a conductive substrate from a solution containing ions or charged micro/nanoparticles. 53, [71] [72] [73] [74] [75] [76] [77] It is an emerging technology for fabrication of superhydrophobic anticorrosive surfaces with major advantages such as high efficiency and scalability. For example, using a traditional Watts bath and a platinum anode, a pine-cone-like hierarchical micronanostructured nickel coating was electrochemically deposited onto copper cathode. 74 After modification with (heptadecafluoro-1, 1, 2, 2-tetradecyl) triethoxysilane, the obtained superhydrophobic surface showed largely improved corrosion resistance as determined by polarization curves and EIS measurements. The electrodeposition process can be further simplified so that roughness creation and surface hydrophobization can be finished in a single step. Cerium myristate surface with a hierarchical micro/nanoscale particulate structure was prepared on magnesium alloy via a rapid onestep electrochemical deposition method in an ethanol solution containing cerium nitrate hexahydrate and myristic acid (Fig. 6 ). 76 The surface shows superhydrophobicity and high corrosion resistance against various corrosive environments. Liu et al. reported a similar approach where a superhydrophobic surface was prepared on copper by electrochemical deposition in ethanol solution containing cerium chloride and myristic acid. 77 
Sol-gel method
Inorganic-organic sol-gel coatings can also be engineered with superhydrophobicity for anticorrosion purposes. 24, [78] [79] [80] [81] [82] [83] Sol-gel processes generally do not require high temperature or high pressure and can be readily applied on a variety of substrates. 40, 84 A superhydrophobic silica coating was prepared by dipcoating copper substrate in a sol-gel solution containing methyltriethoxysilane, methanol, water, and ammonia. 78 The obtained coating exhibited a water contact angle of 155°and roll-off angle lower than 7°. Such superhydrophobicity was maintained after immersion in 50 wt% hydrochloric acid for 100 h. After exposure to the air for 90 days, the coating still remained hydrophobic showing a contact angle >90°. Potential (vs. SCE/V) Hu and coworkers developed an interesting electrodeposition assisted sol-gel approach (Fig. 7) . 81 On mild steel, the accelerated growth of sol-gel coating was achieved by the enhanced sol-gel condensation process due to the increased pH in solution near the substrate applied with cathodic potentials. The corrosion resistance of the obtained superhydrophobic coating was confirmed by much higher impedance modulus in EIS results. Because of the high strength of the Si-O bond, inorganic-organic sol-gel coatings can demonstrate better thermal and UV stability than organic coatings. For example, the sol-gel coatings made from tetraethoxysilane (TEOS) and trifluoropropylmethoxysilane (TFPS) precursors can maintain excellent superhydrophobicity even after 1000 h of accelerated UV exposure test. 85 
Nanocomposite coatings
Superhydrophobic anticorrosive surfaces can also be obtained with a bottom-up approach by means of nanocomposite coatings. 41, [86] [87] [88] [89] [90] Here, surface roughness required for superhydrophobicity is created by nanoparticles while surface hydrophobicity can be imparted by both nanoparticles and organic resins which also serve as binders to connect nanoparticles.
Many of the superhydrophobic nanocomposite coatings are sprayable and, therefore, share a unique advantage in the adaptability for large-scale fabrication. Xu et al. prepared hydrophobic thiolated AgTiO 2 nanoparticles and mixed them with ethanol solution containing polymethylmethacrylate. 86 After spraying the suspension against the copper substrate and drying, a superhydrophobic coating with enhanced corrosion protection was obtained. ZnO nanoparticles, modified by hydrophobic stearic acid, were mixed with fluorinated polysiloxane (FPHS) and sprayed on steel substrate (Fig. 8) . 90 The prepared superhydrophobic coating displayed superior anticorrosive performances on both FPHS coating and ZnO coating, as indicated by the lower corrosion rate calculated from polarization curves and the larger capacitive arc from EIS spectra. When a strong bonding is established between nanoparticles and resins, the mechanical durability of the coating can be significantly improved. 91, 92 Using epoxy adhesives, SiO 2 nanoparticles were anchored on a sand-blasted rough epoxy coating. The surface hydrophobicity of the coating can be largely retained even after a 250 min scouring test with water stream at 10 m/s. 91 Another benefit of nanocomposite coatings comes from the diversity of nanoparticles through which the mechanical, electrical, optical, and other properties of the coatings can be conveniently tuned. 42 
Templating
Templating based on soft lithography is a cost-effective micro/nanofabrication technique with the advantage in precise control of micro/nanostructures by replicating a template. 93 For example, Yeh and coworkers have casted and cured polydimethylsiloxane onto superhydrophobic Xanthosoma sagittifolium leaves and transferred the micropapillary structures to produce a series of superhydrophobic polymer-based coatings on mild steels (Fig. 9) . [94] [95] [96] [97] Compared to flat coating, the microstructured coating exhibits improved barrier performance against water thanks to the inclusion of air within the microstructures, thereby improving the protection capability of layer for metal substrate. In addition, nanoparticles, such as clays 98 or graphene, 99 have been incorporated to these coatings to decrease oxygen permeability. The templating method can be applied on diverse types of polymers and is capable of making very fine surface microstructures down to only a few nanometers. 8 However, the limited sizes of the templates restrict the use of this method for large-scale applications. In addition, the templating method might not be able to produce excessively complex surface microstructures as damages may occur on both the samples and the templates during the peeling off procedure. 11 
Mechanistic aspects
Although superhydrophobic surfaces have received rapidly increasing popularity for their high corrosion resistance, existing studies mostly focused on their fabrications but lacked in-depth discussion over the electrochemical behaviors and anticorrosion mechanisms. The microstructures of a superhydrophobic surface are capable of trapping air films, which greatly reduce the contact area between droplet and surface. Thus, it is generally believed that superhydrophobic surfaces can inhibit atmospheric corrosion by hindering the formation of an electrolyte film. 46, 71 Meanwhile, because of the air films, water droplets and dissolved corrosive species can hardly stay on a surface. This is expected to be useful for corrosion protection under rainy atmospheric environments. 100 However, it should be noted that the water repellency of superhydrophobic surfaces depends on the relative dimensions between water droplets and surface microstructures. 101 In actual atmospheric environment, the ultrafine droplets in the water vapor may directly condense within the surface microstructures. As a result, the protective air films cannot be formed. To solve this problem, superhydrophobic microstructures of a much finer scale and/or a much higher aspect ratio were recommended, 102, 103 even though this may raise other issues, such as low mechanical durability of the microstructures. 52 According to Zhang and co-workers, superhydrophobic surfaces can also effectively inhibit atmospheric corrosion induced by the deliquescence of salt particles. 68, 104 On a horizontal superhydrophobic surface, saline solution from the deliquescent salt can hardly spread and, therefore, remains in a spherical shape until the salt is completely dissolved (Fig. 10) . On a tilted surface, the salt particles tend to slip off due to the highly lubricating effect of trapped air (Fig. 11) . 68, 104 However, this special self-cleaning effect also depends on the size of the microstructures. The saline water from the deliquesced salt which rolls off on top of small microstructures ($5 lm 104 ) can penetrate large microstructures ($30 lm 105 ), leading to a much lower corrosion resistance. Moreover, the salt particles deposited from the actual marine atmosphere can be very small and easily reach into the microstructures of superhydrophobic surfaces. Therefore, deliquescence of salt is more likely to induce a Wenzel contact which pins the droplet to the surface. For a superhydrophobic surface immersed in water, the air film captured in the microstructures forms an additional nonconductive barrier, which to some extent isolates the surface from surrounding water and improves the overall anticorrosive performance (Fig. 12a) . The existence of the air films has been confirmed visibly 105, 106 and by confocal Raman spectroscopy. 107 ( Fig. 13a) . 106, 108, 109 In EIS measurements, this is often seen as a dominant capacitive behavior, and occasionally unmeasurably high impedance moduli in the lowfrequency range (Figs. 13b and 13c) . 34, 105, 106 Figures 14a-14c shows the typical equivalent circuits describing the electrochemical process on superhydrophobic surfaces. 27, 29, 30, 34, 60, 62, 106, [110] [111] [112] [113] [114] In many cases, they can be simply replaced by Fig. 14d because of the highly insulating property of the superhydrophobic surface. The superior inhibitive effect of superhydrophobic surface can be also more directly observed from the suppressed corrosion current density from polarization curves, by which the corrosion rate can be estimated.
Once water has penetrated the air barrier after prolonged immersion, a Cassie contact may be changed to a Wenzel contact and the anticorrosive performance of superhydrophobic surface declines (Fig. 12b) . For example, Wang et al. intentionally depleted the trapped air in superhydrophobic copper surfaces by a solvent replacing method from ethanol to water. 34 Compared to a regular superhydrophobic surface, the deaerated superhydrophobic surface formed a Wenzel contact with the surrounding water. Without the air barrier, both polarization curves and EIS spectra confirmed a dramatically lower corrosion resistance. Ejenstam et al. prepared alkyl ketene dimer (AKD) wax coatings with a lotus-like surface (high contact angle, low CAH) and a rose-like surface (high contact angle, high CAH) and tracked the variations of their EIS spectra for up to 17 days. 108 Compared to a lotuslike surface, water can easily penetrate into the microscaled structures on the rose-like surface. Therefore, despite a similarly high contact angle, the absence of air pockets resulted in a rapid decay of impedance modulus for the rose-like surface when immersed during the EIS studies.
Obviously, the effectiveness of superhydrophobic surfaces to protect immersed structures largely depends on the underwater stability of the air films which rapidly decays with increasing hydraulic pressure, [115] [116] [117] flow, 118 or salinity 119 of the surrounding fluids. In fact, almost none of the surfaces developed so far have shown an acceptably long underwater superhydrophobicity for practical applications. 117 Most of them failed within hours and rarely for days. Xu et al. have shown that the air film trapped under water in a specially designed trench can be retained for >1200 h if maintained at a shallow position and with minimal environmental fluctuation. 117 However, actual corrosion environments hardly meet such requirements.
To achieve superhydrophobicity, highly porous microstructures with large surface areas are often needed. However, this makes the microstructure itself hardly a durable barrier against a corrosive environment. Yu et al. compared the TiO 2 /ZnO structures with hydrophobic and superhydrophobic surfaces. 120 The high porosity and good self-cleaning performance of superhydrophobic TiO 2 /ZnO layer showed better anticorrosive capability in the atmospheric environment. However, if immersed, the porous superhydrophobic layer was more vulnerable to water ingress which led to lower anticorrosive performance than that of a hydrophobic layer. In Fig. 15 , EIS results indicated that the enhanced anticorrosive performance was only shown when the droplet kept on rolling off the surface. Furthermore, despite the undeniable importance of surface roughness in hydrophobicity, further research is required to fully clarify the relationship between surface roughness of the microstructures and the resulting anticorrosive properties. This is partly due to the fact that the precise control of surface roughness is difficult through most of the current methods for preparing superhydrophobic anticorrosive surfaces. 121 Future trends in development of superhydrophobic surfaces with long-lasting corrosion resistance
Improving the stability of superhydrophobic surfaces
Essentially, all superhydrophobic surfaces are to a certain extent capable of withstanding chemical attacks in aqueous acid, alkaline, or salt solutions. Nevertheless, because of their delicate porous structures required for superhydrophobicity, most of these surfaces do not have high mechanical durability. 52 When damaged by external forces, their surface hydrophobicity could be easily reduced. Integrity of the coatings may be also damaged, which causes defects, such as cracks, and results in decreased protectiveness against corrosion. To this end, improving the mechanical robustness has become one of the key issues in the development of superhydrophobic surfaces with longlasting corrosion resistance. Xiu et al. demonstrated that the superhydrophobicity of silica surface with micro and nanoscale hierarchical structure survived better after mechanical abrasion than that of a nanostructure only superhydrophobic surface (Fig. 16) . 122 After abrasion, only the nanostructures on the peaks of the microstructures were removed. The nanostructures at the bottom were largely preserved, which was critical for retaining the surface superhydrophobicity.
Interfacial strength among nanostructures, binding materials, and substrate is another critical factor affecting the mechanical durability of superhydrophobic structures. By UV irradiation, Zhao et al. introduced covalent crosslinks within silica nanoparticlespolyelectrolyte multilayers and between the multilayers and the substrate. 123 The obtained surface demon- Xu et al. used micromeshes as a template to press against softened LDPE at $105°C. 124 Upon cooling and removing the template, a superhydrophic LDPE surface with three-dimensional orderly microposts was formed without any chemical modification (Fig. 17) . After grinding for 5500 times at a speed of 8 cm/s, the surface still retained its superhydrophobic property. A templating process sequentially using nanoporous anodic aluminum oxide and microporous silicon was applied to fabricate a hierarchical superhydrophobic surface out of hydrophilic metallic glass. 125 Repeated grinding showed that such a superhydrophobic structure had excellent mechanical durability.
Self-healing capability of superhydrophobic surfaces
Self-healing materials are an emerging class of smart materials that when damaged are capable of autonomous repair or can be repaired under external stimuli, such as heat, light, and solvents. 126, 127 Ideally, incorporating self-healing functionality to superhydrophobic surfaces would remarkably improve their longevity and hence the capability of long-term corrosion protection. The self-healing of hydrophobicity can be realized by replenishing materials of low surface energy at the surface. For example, through chemical vapor deposition, a large amount of FAS molecules were deposited on the surface and into the bulk of porous polyelectrolyte multilayers to prepare the superhydrophobic surface. 128 When the hydrophobicity was impaired, the FAS molecules stored inside the micro/nanopores can automatically migrate to the surface and heal the superhydrophobicity. Similarly, mesoporous silica microparticles were used to store the molecules of octadecylamine, endowing the superhydrophobic surface with a self-healing function. 129 FAS-loaded UVresponsive capsules were synthesized by Pickering emulsion polymerization with TiO 2 and SiO 2 nanoparticles and were incorporated into polysiloxane latex to prepare a water-based superhydrophobic coating (Fig. 18) . 130 Upon mechanical damages or organic contamination, the superhydrophobicity can be conveniently repaired by exposure to UV lights which decomposed the TiO 2 nanoparticles and released FAS. The coating remained superhydrophobic after more than 2160 h in an outdoor environment, which was potentially interesting for many practical applications.
Compared with replenishing surface hydrophobic materials, the healing of superhydrophobicity by restoring the rough microstructures is even more difficult. 52 Manna et al. reported a unique example of self-healing superhydrophobic surface based on chemical crosslinking of branched poly(ethyleneimine) and poly(vinyl-4,4-dimethylazlactone) multilayers, followed by reaction with hydrophobic n-decylamine molecules. 131 When compressed, the surface lost this hydrophobicity as a result of the damaged microstructures. However, liquids, such as water and acid, were capable of restoring such structure by swelling of coating, thereby restoring the superhydrophobic performance (Fig. 19 ). More interestingly, the recovery of superhydrophobicity was more efficient by more acidic solution which would protonate the amine groups in poly(ethyleneimine) for faster swelling.
Although not reported yet, the use of shape memory polymers (SMP) would represent another promising solution to endow self-healing function to superhydrophobic anticorrosive surfaces. SMPs are stimulisensitive materials which are able to recover to their original shapes from temporarily deformed shapes by heat, light, or other environmental triggers. 132, 133 Chen and Yang have fabricated an SMP-based superhydrophobic surface based on epoxy micropillar arrays using a templating method (Fig. 20) . 134 On the deformed surface, water droplets adopted Wenzel state and the superhydrophobicity was lost. In contrast, water droplets adopted Cassie mode on the recovered micropillar surface which regains its superhydrophobicity simply by heating to 80°C. 
Inhibitor-containing superhydrophobic coatings
In corrosion researches, a major class of self-healing coatings are prepared with corrosion inhibitors as fillers. The damages to these surfaces can trigger the leaching of embedded corrosion inhibitors which form strongly adherent films at the defects via complexation with corrosion products such as metallic ions. 135 Therefore, instead of repairing surface hydrophobicity or bulk integrity, the self-healing regime in this case takes effect by the autonomous inhibition of corrosion reactions. Besides direct doping, [136] [137] [138] corrosion inhibitors were more frequently stored in micro/nanocapsules [139] [140] [141] [142] [143] and fibers 144 and then mixed in coating matrix for more efficient or pH-responsive releases. A list of excellent articles can be referred to for the reviews of inhibitor-containing self-healing anticorrosive coatings. [145] [146] [147] [148] Zheng et al. proposed an ideal model of multiple hybrid anticorrosive coatings which consisted of inhibitor-doped primer and superhydrophobic topcoat (Fig. 21) . 149 The surface superhydrophobicity resists corrosive species, such as water and ions within a certain time. Even if the superhydrophobic topcoat is damaged, prolonged release of corrosion inhibitors from the underlying primer can still confer active corrosion protection at the defected region.
Conclusions
Superhydrophobic surfaces represent a significant technological breakthrough in recent studies over corrosion protection of metals. By reducing water contacting area and time or forming additional air barrier films, superhydrophobic surfaces can minimize the interaction between metal substrates and aqueous corrosive species and produce superior anticorrosive performances. Of the reported fabrication methods, most are laboratory-scaled and not yet ready for production of large superhydrophobic surfaces that could be potentially interesting for many real applications. This can be attributed to the complexity of hierarchical micro/nanostructures as well as the costly low surface energy materials. For these superhydrophobic surfaces, another major concern is their capability of demonstrating long-lasting corrosion resistance. Thus, future works are still required with focuses on enhancing stability of superhydrophobic structures. Alternatively, self-healing functionalities and/or corrosion inhibitors may be introduced for the design of smart superhydrophobic surfaces that can repair their anticorrosive performance autonomously or with minimal external intervention.
